It is a well-known fact that the presence of charged dispersed solid particles in an electrolyte solution considerably modifies the dielectric permittivity and conductivity of the system as compared to that of the pure dispersing medium. The enhanced conductivity of the electrical double layer, and its polarization under the action of the external field are responsible for that fact. A related phenomenon, which is also a manifestation of large induced dipole moments, is the enhanced electric birefringence ͑Kerr effect͒, which measures the electric torque on charged nonspherical colloids. Measurements of the Kerr constant are significant because a direct relationship exists between electrically induced birefringence and the particle's electric polarizability. In this work we analyze, from the experimental and theoretical points of view, the effects of coion and counterion mobility on the enhancement of both dielectric and Kerr constants: we show that, quite unexpectedly, the diffusion coefficient of coions has a large effect on both dielectric response and electric birefringence of the suspensions. To our knowledge, this effect had never been described before. Experimental data have been obtained on suspensions of various polymer particles, in different concentrations of NaCl and Na-salicylate: since the particles are anionic, this choice enables to assess the effects of the mobility of coions. We find that both the dielectric response and the Kerr effect are smaller ͑beyond experimental errors͒ in the presence of salicylate solutions. Experimental results and physical reasons for this behavior are discussed, and it is concluded that the classical theory of the low-frequency dielectric dispersion of colloidal systems provides a quantitative explanation for the coion effect on the dielectric constant. In the case of the Kerr effect, only qualitative arguments can be given in the low-frequency regime. In contrast, the high-frequency behavior is better justified in terms of a Maxwell-Wagner model.
INTRODUCTION
Electrokinetic techniques are among the most useful tools to gain information about the interfacial properties of colloidal particles in suspension. This is particularly true for electrophoresis, 1-3 one of the many manifestations of the existence of a charged interface between the dispersed phase ͑a solid spherical particle of radius a͒ and the dispersion medium. The electrical potential existing at the so-called shearor slip-plane, separating the immobile and mobile regions of the interface, is called electrokinetic or zeta potential ͑͒, and a number of theoretical models exist that relate the experimentally observed quantity ͑electrophoretic mobility, electroosmotic flow, etc.͒ to the zeta potential. 4 Because at sufficiently high values, the number of coions ͑ions of the same sign as the particle charge͒ is very low in the electric double layer ͑EDL͒, it has often been assumed that their role is negligible, and that it is just the characteristics of the counterions ͑concentration, diffusion coefficient, valency͒ that control the electrokinetic properties. While this is approximately true in some electrokinetic phenomena, we will try to demonstrate that generalizing that approximation may be risky, and that coions may affect considerably such properties as the dielectric permittivity of a suspension. Electrophoretic mobility is one of the quantities that are little affected by the diffusion coefficient of coions. This is demonstrated in Fig. 1 , where the dimensionless electrophoretic mobility ͑u e is the electrophoretic mobility or electrophoretic velocity per unit electric field͒ ũ e ϭ e s Ј 0 kT u e , ͑1͒
is plotted versus the reduced zeta potential
for different values of limiting equivalent conductances of counterions, counterion ϩ , and coions, coion Ϫ ͓the particle is assumed to be negatively charged, so counterions ͑coions͒ are cations ͑anions͔͒. In Eqs. ͑1͒ and ͑2͒, e is the elementary charge, k is the Boltzmann constant, T is the absolute temperature, is the viscosity of the liquid, and s Ј 0 its dielectric permittivity. Let us point out that the limiting equivalent conductance is proportional to the diffusion coefficient (D):
where z ϩ (z Ϫ ) is the valency of the counterion ͑coion͒, and N A is the Avogadro number. Data in Fig. 1 were calculated using the electrophoresis theory of O'Brien and White. 5 As observed, while changing the mobility of counterions has a significant effect on the particle electrophoretic mobility ͑mainly at high zeta potentials͒, coions have a much lesser effect. In such conditions assuming that coions have the same diffusion coefficient ͑or even the same valency͒ as counterions will likely be a reasonable approximation. We will find that this is not always the case.
Let us consider the dielectric dispersion ͑in particular, the low-frequency dielectric dispersion, or LFDD͒ of colloidal suspensions: because of polarization phenomena in the ionic atmosphere ͑electrical double layer or EDL͒ surrounding the particle, the dielectric constant of the suspension can be much larger than that of the dispersion medium, for external fields of low enough frequency. As the latter is increased, polarization mechanisms can be frozen, thus decreasing the dielectric constant. This dielectric relaxation typically occurs for frequencies of the order of a few kHz, hence its name, LFDD. Interestingly, both the amplitude and characteristic frequencies of LFDD are very sensitive to the properties of the particles, the medium, and their interface. For these reasons, interest in its determination and its theoretical evaluation has increased during the past years.
The most widely accepted theoretical model was first proposed by Dukhin and Shilov. 6 According to these authors, the large dielectric increments experimentally observed are due to the formation of neutral electrolyte concentration gradients, in turn a consequence of the existence, in the solution surrounding the particle, of regions in which the transport numbers for coions and counterions are different: the larger such difference, the larger the concentration gradient and, correspondingly, the dielectric increment. DeLacey and White 7 used the same basic equations as Dukhin and Shilov but they solved them numerically, and were able to eliminate the thin double layer limitation. So far, a large number of experiments have been carried out using LFDD to study the effect that the variation of different conditions produces on dielectric dispersion, including the pH of the medium, 8, 9 electrolyte concentration, 10,11 temperature, 12 particle size, 13, 14 concentration of particles, 15, 16 surface charge. 17 In this work we will analyze how the dielectric relaxation is modified when using different coions ͑all monovalent͒. Because we will work with negatively charged particles, the anions will be the coions ͑salicylate and chloride ions in our case͒.
In the second part of this study, the same analysis will be performed using a related electrokinetic phenomenon, namely, electric birefringence in ac field ͑or frequencyresolved electric birefringence, FREB͒: it is known that colloidal suspensions may present Kerr constants, B, much larger than predicted from the particle-solvent dielectric constant mismatch, and the geometrical anisotropy of the particles. 18 Recall that the frequency-dependent Kerr constant is defined as 19
where
⌬n() is the steady-state birefringence in the presence of an external ac field of frequency , is the wavelength of the probing light, and (E 0 2 ) dc is the mean-square value of the applied electric field, E 0 cos(t).
The origin of the increment in B resides in the polarization of the ion cloud surrounding the charged particle. FREB has been used with success to study aqueous dispersions of anisotropic charged macromolecules, e.g., the Tobacco Mosaic Virus, 18 DNA, 20 flexible polymer chains, [21] [22] [23] [24] and polytetrafluoroethylene ͑PTFE͒ colloidal particles. 17, 25 In this paper, we will investigate the effect of the coion type on the response of the Kerr constant in the low frequency region. We will compare our observations with the theory known as extended Maxwell-Wagner ͑EMW͒ model, described with detail in Refs. 19 and 26.
EXPERIMENTAL METHODS
Dilute suspensions of ethylcellulose latex and polytetrafluoroethylene ͑PTFE͒ particles were used in this work. The former were spherical in shape and manufactured by FMC Corp. ͑USA͒ under the trade name of Aquacoat. The samples were kindly supplied by Foret S.A. ͑Spain͒. As received, Aquacoat latex is stabilized by SDS and cetylalcohol; 27 in order to achieve a better control of the composition of the dispersion medium, the latex was cleaned by repeated cycles of centrifugation ͑Kontron T-124 High Speed Centrifuge, Italy͒ and redispersion in Milli-Q water ͑Millipore, France͒. A thorough characterization of the electrical surface properties and colloidal stability of the resulting particles has been reported elsewhere. 28, 29 Particle size determinations were performed by transmission electron microscopy and PCS ͑photon correlation spectroscopy͒ measurements ͑Malvern PCS 4700, Malvern Instruments, UK͒ giving an average particle diameter of 110 nm. The PTFE particles were kindly provided by Ausimont, Milano, Italy. A detailed description of the particle properties can be found in Refs. 30 and 31. The particles were reasonably monodisperse and rodlike in shape, with average length 0.53 m and diameter 0.16 m. As shown previously 31 these particles have an internal crystalline structure that makes them intrinsically birefringent, with the fast axis in the direction of the symmetry axis of the particle; the corresponding internal birefringence is about 0.04, and their average refractive index is 1.37. The optical anisotropy of the particles makes the Kerr constant of PTFE dispersions particularly large, thus allowing the study of rather dilute suspensions.
The suspensions to be studied were prepared by the serum replacement technique, in which a solution of the desired ionic concentration ͓0.1, 0.3, and 1 mM for Aquacoat, and 0.1 and 1 mM for PTFE suspensions; both with NaCl and sodium salicylate ͑NaSa͔͒ is continuously passed through a UHP 76 stirred filtration cell ͑Advantec Microfiltration Systems, Japan͒ until constant conductivity of the outgoing solution. The volume fraction of all the suspensions was adjusted by dilution with the same electrolyte solution to 4% for the dielectric measurements and to 0.1% for FREB measurements. All the measurements reported in this paper were performed at the temperature of 25.0Ϯ0.5°C.
The dielectric permittivity and complex conductivity of the suspensions were determined, as a function of frequency ͑in the 500 Hz to 1 MHz range͒, by means of a thermostated conductivity cell with variable distance between the platinized-platinum electrodes. The procedure of Grosse and Tirado 32 was used to correct for electrode polarization and other stray impedances. Briefly, this method assumes that the parasitic impedances and the instrument itself constitute an electric quadrupole, whose parameters are determined through three calibration measurements: short circuit, open circuit and reference solution, as devices under test for each frequency and electrode separation.
The FREB experiment consists in applying a voltage pulse to the electrodes of the Kerr cell with a pulse duration long enough to reach a stationary value of the induced anisotropy, and in observing the induced birefringence pulse using a laser beam and two almost crossed polarizers. A general description of the technique can be found in Refs. 25 and 33-35.
Suspensions of both Aquacoat and PTFE were used for dielectric dispersion measurements, while only the latter was used for electric birefringence experiments.
Numerical calculations of electrophoretic mobility, dipolar coefficients, conductivity and dielectric constant have been performed using DeLacey and White theory. 7 Figures 2 and 3 show the real part, KЈ, of the complex conductivity of the suspensions as a function of the frequency of the applied field, for Aquacoat and PTFE particles, respectively. Note that whatever the concentration and type of electrolyte, and the nature of the particles, KЈ increases with frequency, as expected, because the higher the shorter the paths travelled by ions between two successive inversions of the field direction. Thus, upon increasing the frequency, the particles represent a progressively smaller obstacle to ionic motions. Furthermore, since the salicylate ions are slower than chloride ones ͑ salicylate Ϫϭ 36 S cm 2 /eq; Cl Ϫϭ 76.35 S cm 2 /eq͒, the conductivity of the suspensions is systematically lower in NaSa solutions than in NaCl solutions of the same concentration.
RESULTS AND DISCUSSION

Dielectric permittivity of the suspensions
The real part of the dielectric constant of the suspensions will be characterized by their so-called dielectric increments ⌬Ј(), defined as ⌬Ј͑ ͒ϭ
where Ј() is the dielectric constant of the suspension for a frequency of the applied field, ϱ Ј is its high-frequency value, well above the EDL relaxation, and is the solids volume fraction of the systems. Figures 4 and 5 show ⌬Ј() for the same suspensions as in Figs. 2 and 3 . The dielectric relaxation is clearly observable: ⌬Ј falls from values around several thousands to a value close to zero when the frequency is a few hundred kHz: when is higher than some critical or relaxation frequency, cr , ions cannot follow the rapid field variations and the strength of the dipole associated to double-layer polarization gradually decreases. Note also that ⌬Ј increases with ionic strength in all cases.
With the aim of obtaining the value of a very important parameter of the dielectric relaxation, the dielectric increment at zero frequency, ⌬Ј(0), we need to fit experimental data with theoretical relaxation curves. For Aquacoat particles we used the curve obtained from the Dukhin-Shilov theory: 6 
where ␣ is a parameter that changes the width of the dispersion curve. The results of the fits are summarized in Table I . It can be noted that the coion used has an important influence in the value of ⌬Ј(0), and in all cases ͑except PTFE suspensions in 0.1 mM solutions͒, the dielectric increment is larger for faster coions. In order to investigate if this finding is an artifact or it has physical basis, we will first analyze the predictions of the standard electrokinetic theory. 
Numerical calculations of the dielectric constant
As already mentioned, the polarization of the ionic atmosphere under the external electric field E gives rise to the formation of an induced dipole that, except at very low frequencies is out of phase with respect to the external field. We will represent it as a complex quantity d*, that is related to the external field through the so-called induced-dipole coefficient C 0 *ϭC 1 ϪiC 2 as follows:
͑8͒
Using the DeLacey and White theory 7 of the dielectric permittivity of suspensions of colloidal spheres, the real and imaginary parts of C 0 * can be calculated as a function of .
In Figs. 6 and 7 we plot C 1 and C 2 , respectively, for different values of the counterion and coion diffusivities ͑or lim-iting equivalent conductances, ͒. In all cases, it will be assumed that aϭ100 nm, the zeta potential is ϭϪ100 mV, and the ionic strength is 1 mM.
These figures demonstrate the ͑in principle, unexpected͒ significant effect of coion Ϫ on both C 1 and C 2 . The dipole coefficient is more affected by the diffusion coefficient of coions than by that of counterions. Interestingly, C 1 and C 2 determine the main experimentally accessible quantities in electrokinetic determinations, namely, the conductivity and dielectric constant increments, ⌬KЈ() and ⌬Ј(): 7
where K ϱ is the conductivity of the supporting solution. Note that at low frequencies ⌬KЈ is mainly controlled by C 1 and ⌬Ј depends mostly on C 2 , a situation that is reversed at 7 . Same as Fig. 6 , but for the imaginary part of the induced dipole coefficient.
high frequencies.
Using Eq. ͑10͒ and the data in Figs. 6 and 7, the predicted values of ⌬Ј can be obtained, as shown in Fig. 8 .
It is worth pointing out the very significant effects of changing coion Ϫ on this quantity. In fact, such effects are comparable to, and clearly distinguishable from, those produced by modifications in counterion ϩ . Roughly speaking, increasing counterion ϩ leads to a decrease in ⌬Ј. Similar changes on coion Ϫ produce an inverse effect on ⌬Ј. These results suggest that our experimental observations are justified by theoretical predictions, but the ultimate physical reasons for the behaviors displayed in Fig. 8 will be dealt with in the next paragraph.
Interpretation using the standard electrokinetic model
Since the work of Dukhin and Shilov, 6 the origin of the high dielectric increments displayed by dilute colloidal suspensions ͑Fig. 8͒ is well understood: consider a negatively charged colloidal particle in an ionic solution under the action of an external electric field pointing from left to right. A portion of its ionic atmosphere in the radial direction may look like the rectangles shown in Fig. 9 : X 1 corresponds to the approximate external limit of the EDL, and X 2 is the beginning of the nonperturbed solution far from the particle. Note that the region between the solid and X 1 is enriched in counterions ͑cations͒, whereas for distances larger than X 2 , cations and anions will exist in similar concentration ͑if their valencies are the same͒.
After application of the field, ions will flow in and out of the different regions as follows:
Case 1: D counterion ϩ ϭD coion Ϫ . For distances XϾX 2 , counterions and coions will flow in similar amounts ͑they are equally concentrated and have similar mobilities͒, whereas for XϽX 1 the ingoing flux of cations ͑counterions͒ will be much larger than that of anions ͑that exist in very low concentrations in the double layer͒ coming from the X 1 -X 2 region. In this region, we will have many cations coming in from the left, and a lesser amount going out to the right; simultaneously, we will find a number of anions coming from the left, and very few flowing to the left into the region XϽX 1 . As a consequence, in the X 1 -X 2 region we will have an increase in the concentrations of both cations and anions, i.e., of neutral electrolyte concentration (C↑↑). On the lefthand side of the particle, by the same arguments, the electrolyte concentration will be reduced. As a consequence, a diffusive flux of ions ͑of both types outside the EDL, but mainly of cations in it͒ will be established from right to left: since a finite time ͑of the order of a 2 /D͒ is needed for these mechanisms to establish, the diffusive flux of cations in the double layer will lag behind the applied field. It is this displacement current that we sense experimentally as an enhanced dielectric permittivity.
We assume that D counterion ϩ has the same value as in Case 1, whereas D coion Ϫ is increased. Now in the X 1 -X 2 region we have a larger influx of coions ͑anions͒ from the bulk solution, but the same outflux of cations towards the XϾX 2 region. This increased transport of anions from the right will provoke an increased flow of cations from the double layer, in order to preserve electroneutrality in the X 1 -X 2 region outside the double layer. As a consequence, the electrolyte accumulation is larger than in Case 1 (C↑↑↑), and the dielectric enhancement will be also larger: increasing the coion mobility should increase ⌬Ј, as in fact found ͑Fig. 8͒. Case 3: D counterion ϩ ϾD coion Ϫ . By the same arguments as before, decreasing the coion mobility as compared to that of counterions leads to a smaller accumulation of electrolyte (C↑), and hence to a reduction of the dielectric increment, as observed in Fig. 8 .
Electric birefringence results
Let us now consider how the coion mobility affects the Kerr constant. Because of the required anisotropy of the particles, these results refer only to the spheroidal PTFE particles. The electric birefringence changes with frequency in a similar fashion as permittivity: this can be observed in Fig.  10 , where B is plotted as a function of for three different supporting solutions: 1 mM NaCl, 1 mM NaSa, and 1.5 mM NaSa. Note that the dc conductivities of 1.5 mM NaSa and 1 mM NaCl solutions are approximately equal. The significance of this fact will become clear in what follows. The effect of adding AOT to the systems will be discussed below. Figure 10 demonstrates that B strongly depends on , decreasing from an enhanced value at low frequency to a nonzero high frequency value. This asymptotic value of B is the one expected for a purely dielectric elongated particle in a dielectric medium. [33] [34] [35] The low frequency value of the Kerr constant decreases when ionic strength is higher 25 and when the coions are slower. However, at high frequencies the nature of the coions appears of little significance, and the behavior of the relaxation is fully dominated by the conductivity of the medium and the surface charge of the particle. 19, 26 In fact, at high frequencies ͑above ϳ10 6 rad/s͒, the Kerr constants of 1 mM NaCl and 1.5 mM NaSa suspensions almost coincide, as expected from their similar conductivities. 19 In contrast, at low frequencies, where the double layer polarization must play an essential role, the mobility of the coions considerably changes the birefringence of the systems ͑Fig. 10͒. Data in Fig. 6 show that C 1 is most sensitive to coion mobility in the low-frequency range. FREB at low frequencies is controlled by EDL polarization, and in particular by the in-phase part of the induced dipole. 17 Unfortunately, no rigorous theory is available for electric birefrin-gence of colloidal systems at low frequencies. Only very approximate expressions have been proposed 25 that point to a dependence of B() with the difference C 1 ʈ ϪC 1 Ќ , where C 1 ʈ (C 1 Ќ ) stands for the real part of the dipole coefficient for an electric field applied parallel ͑perpendicular͒ to the symmetry axis of the particles.
As a further confirmation of the electrokinetic origin of the low-frequency FREB, we have checked how B changes when the surface charge of the particle is increased upon adsorption of an anionic surfactant ͑sodium dioctylsulfosuccinate, AOT, Merck, Germany͒. The results are also included in Fig. 10 , and we can observe that upon increasing the negative charge of the particles B increases at low frequencies, and furthermore the effect of changing the type of coion is even more significant: the concentration polarization effect described above is much more pronounced the higher the zeta potential, as the differences between the transport numbers of counterions and coions in the EDL increase.
In the high frequency ͑or Maxwell-Wagner͒ regime, the presence of high surface charge ͑Fig. 10, AOT-coated par-ticles͒, causes to reach the asymptotic B value after a rather deep overshoot. Such feature is not present in the case of uncoated, low-charged, particles. It has been shown in Refs. 19, 26 , and 37 that FREB results in the MHz regime can be understood by using an extended Maxwell-Wagner model. According to this model, all the relevant electrokinetic processes can be embodied in a suitable anisotropic particle conductivity.
CONCLUSIONS
We have presented a set of experimental data and numerical calculations demonstrating that the coion may play a significant role in the electrokinetic properties of aqueous colloidal dispersions. In particular, in spite of their low concentration in the electric double layer, changes in coion mobility profoundly affect the dielectric increment and the Kerr constant. The effects of both D counterion ϩ and D coion Ϫ on the dielectric constant can be explained by considering ͑i͒ the existence of diffusion fluxes in the double layer; ͑ii͒ the fact that these fluxes are due to a gradient of electrolyte concentration around the double layer; ͑iii͒ how changes in D counterion ϩ or D coion Ϫ affect that gradient. It has been shown that the theory of LFDD for spheres gives a quantitative explanation for the dielectric constant of the suspensions in NaCl and sodium salicylate suspensions. A qualitative explanation of frequency resolved electric birefringence can be given for low frequencies by comparing the trends of variation of the Kerr constant and the dipolar coefficient, while for the explanation of the high frequency behavior we need to use the extended Maxwell-Wagner model, in which the type of counterion and coion is indifferent.
